First indigenously built tokamak ADITYA, operated over 2 decades with circular poloidal limiter has been upgraded to a tokamak named ADITYA Upgrade for the purpose having shape plasma operation with open divertor geometry. Experiment research in ADITYA-U has made significant progress, since last FEC 2016. After installation of PFC and standard tokamak diagnostics, the Phase-I plasma operations were conducted from December 2016 with graphite toroidal belt limiter. Purely Ohmic discharges in circular plasmas supported by Filament pre-ionization was obtained. The plasma parameters, Ip ~ 80 -95 kA, duration ~ 80 -180 ms with toroidal field (max.) ~ 1T and chord-averaged electron density ~ 2.5 x 10^19 m^-3 has been achieved. Being a medium sized tokamak, runaway electron (RE) generation, transport and mitigation experiments have always been one of the prime focus of ADITYA-U. MHD activities and density enhancement with H2 gas puffing studied. The Phase-I operation was completed in March 2017. The Phase-II operation preparation in ADITYA-U includes calibration of magnetic diagnostics followed by commissioning of major diagnostics and installation of baking system. After repeated cycles of baking the vacuum vessel up to ~ 130°C, the Phase-II operations resumed from February 2018 and are continuing to achieve plasma parameters close to the design parameters of circular limiter plasmas using real time plasma position control. Hydrogen gas breakdown was observed in more than ~2000 discharge including Phase-I and Phase-II operation without a single failure. Several experiments, including the primary RE control with lower E/P operation and secondary RE control with fuelling of Supersonic Molecular Beam Injection as well as sonic H2 gas puffing during current flat-top and Neon gas puffing for better plasma confinement are undergoing. The dismantling of ADITYA and reassembling of ADITYA-U along with experimental results of Phase-I and Phase-II operations from ADITYA-U will be discussed.
INTRODUCTION
Most of the current generation medium sized tokamaks (HL-1M [1] , COMPASS [2] , ASDEX [3] ) have been upgraded by incorporation of shaped plasma operation with innovative divertor configurations. The principal goal of employing a divertor configuration is to reduce the particle-wall interaction, where the charged particles striking on the wall located farther from the main plasma.
Recently, the first medium sized tokamak facility of India named ADITYA (R0 = 75 cm, a = 25 cm) [4] , operated over 2 decades with circular poloidal limiter [5] has been upgraded to a tokamak named ADITYA Upgrade (ADITYA-U) for the purpose having shaped plasma operation with an open divertor geometry with divertor plates without any baffle, to support the future Indian Fusion program. The foremost objective of ADITYA-U is to prepare the physics and technological base for future ITER and DEMO machine [6 -7] by performing the dedicated experiments, such as generation and control of RE, disruption prediction and mitigation studies, along with plasma position control and confinement improvement studies with shaped plasmas.
The ADITYA-U is designed to create a circular plasma with plasma current ~ 150 -250 kA, plasma duration of ~ 250 -300 ms with chord average electron density in the range of 3 -5 x 10^19 m^-3 and electron temperature ~ 500 eV -1000 eV. In addition, it is designed to achieve shaped plasmas with plasma current ~ 100 -150 kA, elongation (k) ~ 1.1 -1.2 and triangularity ~ 0.45 [8] .
The main scope of work for upgrading the ADITYA is the installation of 3 sets of new divertor coils (PF coils) by replacing the existing rectangular cross -section vacuum vessel of ADITYA with inclusion of new circular shaped vacuum vessel. It was planned to use the similar existing set of TF, OT and BV coils in ADITYA-U to save the time and cost. To accommodate new divertor coils and new circular shaped vacuum vessel, ADITYA has been dismantled up to base level. The assembly of ADITYA-U was completed in March 2016. After successful commissioning of ADITYA-U, the integrated power testing of TF and PF coils followed by installation of four pumping line, in-vessel components such as plasma facing components (PFC), magnetic diagnostics and other standard diagnostics along with electronics and data-acquisition with trigger transmitters and receivers systems.
The Phase-I plasma operation preparation activities has been carried out in ADITYA-U, such as diagnostic calibration, measurement of errors in the magnetic field, repair of vacuum leaks, achievement of ultra-high base vacuum and implement the discharge cleaning techniques for better wall conditioning. After all relevant preparation, the Phase-I plasma operations experiments were conducted from December 2016, with inclusion of new graphite toroidal belt limiter along with poloidal ring limiter and safety limiter as the primary plasma-facing components. The primary objectives of the Phase-I operation: (1) to achieve first circular hydrogen plasma in ADITYA-U with purely Ohmic discharges assisted by filament pre-ionization (2) to check the overall functionality of the system and (3) study the discharge characteristics of ADITYA and ADITYA-U tokamak. During the Phase-I operation, the toroidal magnetic field varied wide range from ~ 0.5 T to maximum 1T and obtained gas breakdown in each of ~ 700 discharges without a single failure. Consistent plasma discharges of plasma current of ~ 80 kA -95 kA with duration of 80 -180 ms and chord-averaged electron density ~ 2.5 x 10^19 m^-3 and temperature (estimated) > 200 eV has been achieved [9] . Discharge analysis study of Phase-I operation of ADITYA-U has been carried out in detail. Furthermore, Magneto hydrodynamic (MHD) experiments and studies have been carried out in ADITYA-U. An interesting correlation between runaway electrons and MHD amplitude has also been found, and studied as well. The Phase-I operation was successfully completed in March 2017 of about ~ 17 weeks of operation.
The Phase-II operation preparation in ADITYA-U includes calibration of magnetic diagnostics followed by commissioning of major diagnostics and installation of baking system [10] . The ADITYA-U vacuum vessel has been successfully baked up to ~ 130°C in subsequent baking cycles for the purpose of achieving lower base vacuum. The base pressure of the order of ~ 9 x 10^-9 torr has been achieved after solving all leaks. The Phase -II plasma operations were resumed in February 2018 with circular hydrogen plasma in a Graphite limiter (toroidal belt limiter) configuration and continued to achieve plasma parameters close to design parameters. The Phase-II plasma operation of ADITYA-U has been focused on carried out the novel experiments including primary and secondary RE control [11 -12] , Injection of SMBI during current flattop and disruption [13 -14] , confinement improvement with Neon injection [15] with the execution of real time plasma position feedback control [16] . The consequences of these experiments are very promising and play a vital role in operation of large size fusion machine including ITER. Recently, Electron Cyclotron Resonance (ECR ~ 42 GHz and ~ 150 W) wave has been successfully launched in ADITYA-U tokamak. The toroidal magnetic field of the order of max. 1.35 T (90% of the design value) has been operated during this experiment.
During the Phase-II plasma operation, Plasma current of ~ 100 -125 kA with plasma duration of 100-190 ms has been achieved. Booster Power supply assisted vertical field raised the plasma current up to 135 kA. Plasma pulse length enhancement has been performed with application of negative converter power supply. The maximum Line-averaged electron density of ~ 4 x 10^19 x m^-3 corresponding to central density of 6.7 x 10^19x m-3 has been achieved for the first time in ADITYA-U tokamak.
This article reports an overview of operation and experiments in the ADITYA-U tokamak. The experimental setup is explained in section 2, the phase-I and Phase-II operational aspects has been discussed in section 3, and the experimental results are reported in section 4. Finally, the paper is concluded in section 5.
EXPERIMENTAL SETUP
The overall operation and experimental result of Phase-I and Phase-II circular plasma operation of ADITYA-U (R0 = 75 cm, a=25 cm) has been reported in this article is a medium size air-core tokamak with graphite as a plasma facing components. Both the experimental phases were performed with hydrogen plasma as a primary fuel, operated in a pulse (pre-filled) gas pressure mode ~ 250 ms prior to the loop voltage. A piezo-electric valve control the pre-filled gas pressure linked through programmable pulse generator and trigger transmitters and receivers systems. The new circular shaped vacuum vessel of ADITYA-U evacuated to a base vacuum of ~ (2 -5) x 10 -8 Torr without baking during Phase-I operation and ~ (9-10) x 10 -9 Torr with baking during Phase-II operation with the help of two turbomolecular and two Cryo-pumping lines. During these experiments the PFC consists of toroidally continuous limiter at inner wall along with poloidal extent and safety limiters at two different toroidal locations has been installed. Based on the physical inspection of the inner vessel inspection after the Phase-I operation, additional poloidal extension limiter has been installed before Phase-II operation. The typical operating parameters for the discharges presented for Phase-II experiments are B ~ 0.75 T -1.35 T, peak loop voltage of 16 -22 V, hydrogen gas pre-filled gas pressure range of ~ 1-2 x 10 -4 Torr, filament pre-ionization assisted plasma breakdown with filament current of ~ 16-19 A and bias voltage of ~150-200 V. An equilibrium field of ~ 4 G required for generation of ~ 1 kA of plasma current in ADITYA-U, supplied in pre-programmed mode, ramped along with Booster power supply and external capacitor charging to support the faster plasma current rise during ramp up phase. The ADITYA-U Pulse Power Supply (APPS) is a computer-controlled convertor based pulse power supplies powered the TF, TR and BV coils. The wave-shaping unit in the TR power supply enable us to alter the different resistor values for increasing or decreasing the peak loop voltages and loop voltages in a subsequent steps at similar Ohmic current.
Appropriate wall conditioning techniques such as 2.45 GHz ECR (Electron cyclotron Resonance) discharge cleaning along with PDC (Pulse discharge cleaning), GDC (Glow Discharge Cleaning) with hydrogen and mixture of gases such as hydrogen and helium as well as hydrogen and argon have been implemented in ADITYA-U. The continuous GDC in ADITYA-U normally carried out at higher gas pressure (10 -3 Torr), load the vessel wall. To overcome this issue, a new concept of Pulsed Glow Discharge Wall Conditioning (P-GDC) has been introduced. The P-GDC assisted lithiumization showed significant reduction in partial pressure of various mass species (H2, H2o, CO, N2 and O2) monitored through quadrupole mass analyser (QMA) regularly before starting the plasma operation. The external gas puffing of hydrogen or neon, single or multiple numbers of gas puffing of different pulse width and amplitude at different time interval as per experimental demands controlled through a programmable pulse generator.
The Phase-I operation was conducted with minimum operational diagnostics such as flux loops, one magnetic probe garland of 16 magnetic probes, rogowski coils for plasma current and VF current measurement. Apart from magnetic diagnostics, spectroscopic, microwave and other diagnostics such as soft monitor and Hard X-ray detectors, bolometers, electric probes are installed for the Phase-I plasma operation of ADITYA-U tokamak. A wide angle fast visible imaging video camera installed at one of the radial port obtained plasma images with high special and temporal resolution. As a part of the Phase-II operation preparation, before installation of major diagnostic systems, the 16 magnetic probes (Mirnov coils) garland placed at two different toroidal locations, two internal and one external rogowski coils for plasma current measurement and diamagnetic loop for stored energy measurement are successfully calibrated. In order to calibrate the magnetic diagnostics, a hollow copper conductor was installed inside the vacuum vessel placed at different radial and vertical positions inside the vacuum vessel to simulate the plasma current during the calibration. The new Sine-Cosine coils for plasma position measurement designed, fabricated, installed and calibrated. Later, the major diagnostics, such as spectrometer and fibres for High Z and low Z impurity monitoring, Soft X-rays and Bolometer array, microwave interferometer radial profile, electron cyclotron emission (ECE) diagnostics system, Thomson scattering, different Langmuir probe arrays, IR imaging camera, Charge exchange etc. are installed. Diagnostics installed in the device allows to measure wide range of core and edge plasma parameters. Furthermore, vacuum vessel baking systems have been installed designed for 150° C baking temperature of ADITYA-U vacuum vessel. The plasma position measurement with different techniques such as magnetic probes, Sine-Cosine, optical In-Out measurements were performed during Phase-II operation. 42 GHz, 500 kW, gyratron based electron cyclotron resonance heating (ECRH) system has been installed on ADITYA-U. Plasma rotation velocity is estimated through Doppler shift of the carbon spectral emission lines (C2+, C4+ and C5+) observed in UV and visible wavelength range measured using a high-resolution 1m f/8.7 Czerny Turner spectrometer equipped with 1800g/mm grating coupled to a fast CCD detector. More than 300 channels per shot have been acquired using PXI and in-house developed data acquisition systems and are stored to the server.
Attempts were made to control the real time horizontal plasma position shift on a faster time scale. Two pairs of fast feedback coils placed outside the vessel in ADITYA-U connected in vertical field mode and are powered by a four-quadrant transistor switched bridge inverter power supply named as FFPS (fast feedback power supply). A proportional-integral-derivative (PID) based feedback control system was tested and implemented for real time plasma position control during Phase-II plasma operation of ADITYA-U.
An efficient and deep penetration of gas fueling accomplished with SMBI system, has been installed on the low field side of ADITYA-U with a Laval nozzle of throat diameter of 0.5 mm and a fast response solenoid valve. The plenum gas pressure can be varied to adjust the speed/penetration of the beam. A particle flux of ~ 2.6 × 10^22 particles/s is achievable at a plenum pressure of 1 Mpa. The volume hard X-rays are monitored along a line of sight passing through the plasma centre and suitable SMBI is launched based on the spatial location of the REs to mitigate them in real time.
IAEA OV/5-3
OPERATIONAL ASPECTS: PHASE-I AND PHASE-II ADITYA-U OPERATION
After recomissioned of the ADITYA-U tokamak, effort were made to understand various operational aspects in the very beginning of the operation. The preliminary requirement is to achieve hydrogen gas breakdown and successful start-up with purely inductive Ohmic voltages in existence of hot filament pre-ionization without any RF assisted strong pre-ionization. The Ohmic start-up of any tokamak [17] comprises of the breakdown or avalanche phase, the impurity burn-through phase and the controlled plasma current ramp-up. In the starting of the experiment, the ADITYA-U operating parameters adjusted on the basic of typical operating parameters of ADITYA tokamak are Bφ ∼ 0.75 T, peak loop voltage ~ 20-22 V, pre-filled gas pressure range of 4 -8 x 10^-5 Torr and equilibrium field of 0.3 -0.4 T. It was noticed that the initial discharges of ADITYA-U tokamak failing to evolve properly due to impurity burn-through [18] . The partially ionized low-Z impurities, such as Hα, O-I, C-III emit large amounts of radiation. Within few milli-seconds the discharge immediately strike to the upper wall of the vacuum vessel confirmed through a wide angle fast visible imaging video camera. Later, the movement towards upper wall restricted, while discharges were operated with lower Bφ reduced from 0.75 T to 0.5 T. It is clear from the fact that the presence of radial error magnetic field directed outside the Major axis in ADITYA-U discharges, while operating with higher toroidal magnetic field. Therefore, the radial compensation field of ~5-10 Gauss, is necessary to get a successful start-up with higher Bφ operation, which is directed towards the major axis. The external radial field correction was provided by using an additional set of polidal field coils located outside the vacuum vessel in the outer periphery and charged with capacitor based power supply. The Fig. 1 shows the time evolution typical ADITYA-U discharges (shot #31999) with and (shot #31994) without external radial error field correction along with loop voltage, H line emission and plasma current.
FIG. 1. Time evolution of ADITYA -U discharges (#31994, black) without radial field correction and (#31999, red) with radial field correction; (a) radial field compensation, (b) H line emission and (c) Plasma current.
However, there is no delay in H emission ( Fig. 1(c) ) observed even in absence of external radial field correction and hydrogen gas breakdown was observed in more than ~ 2000 discharges including Phase-I and Phase-II operation without a single failure. Therefore, It is realized that the radial field correction is essential not from the breakdown point of view but to achieve successful start-up. Furthermore, the plasma performance has improved by implementing the proper discharge cleaning techniques, such as H2 GDC for long hours (~ 12 h) and combined ECR + PDC discharge cleaning. Significant impurity reduction in the partial pressure of carbon, oxygen and water vapour and smooth burn-through of Hα, O-I, C-III impurities observed in the discharges with higher toroidal field above 0.75 T along with external radial field correction. The disruption during current ramp up phase due to sudden growth of MHD modes are restricted through fine-tuning of ramp rate of plasma current. The discharges consistency was established and obtained repetitive plasma discharges with Ip ~ 80 -95 kA and discharge duration of 80 -90 ms (positive converter power supply only) in a wide range of toroidal field ranges from 0.75 T -1 T. Later, the discharge duration has been enhanced beyond ~180 ms by starching the Volt-Sec with the operation of negative convertor power supply along with extensive wall conditioning through mixture of gases (H2:Ar and H2: He). The chord average electron density of ~ 2.5 x 10^19 m^-3 has been obtained during Phase-I operation.
Discharge characteristics comparisons of ADITYA Plasma Versus ADITYA-U Plasma
As far as plasma discharge characteristics comparison is concern, following changes are noticed in ADITYA -U Phase-I operation as compared to ADITYA tokamak operation viz., (1) Prerequisite of filament preionization during Pulse Discharge Cleaning (PDC) as well as main plasma discharge operation to achieve plasma breakdown in ADITYA-U. In absence of filament pre-ionization breakdown did not occur (2) Pre-filled gas pressure range enhanced from 4 -8 x 10^-5 torr to 1.5 -3 x 10^-4 torr (3) Sufficient burn-through of H, CIII and OII impurities require higher switching-off time (14.2 ms) for ADITYA-U as compared that for ADITYA (7.7 ms) of peak loop voltage (4) Absence of initial hard X-rays during start-up phase of ADITYA-U (5) Initial plasma current rise rate reduced from 7-9 MA/Sec to 4-5 MA/Sec. The Fig. 2 shows the discharge characteristics comparisons of ADITYA Plasma Versus ADITYA-U Plasma.
FIG. 2. Time evolution of ADITYA discharge (#28020, black) and ADITYA-U discharge (#30696, red) shows the discharge characteristics comparison of ADITYA plasma versus ADITYA-U plasma ; (a) loop voltage, (b) plasma current (c) H line emission (d) CIII line emission (e) hydrogen gas pre-filled pressure and (f) hard X-rays.
It can be seen clearly from Fig. 2(a) that for similar peak loop voltages in both the discharges, shot #30696 of ADITYA-U requires higher switching-off time (~ 14.2 ms) as compared to lower switching-off time (~ 7.7 ms) of ADITYA, shot #28020 for sufficient burn-through of H, CIII impurities (Fig. 2(c) and 2(d) respectively) . The reason behind supply of higher loop voltages during burn-through phase in ADITYA-U, perhaps because of installation of new toroidal belt limiter at high field side in ADITYA-U, instead of a single poloidal ring limiter in ADITYA has increased the graphite surface area considerably. In addition to that the lower pre-filled pressure discharges (below ~1 x 10 -4 range) ~ are not successful in ADITYA-U, bringing more impurity into the plasma by the process of recycling and caused discharge failure. Most of the discharges in ADITYA-U operated in typical gas fill pressure range of ~ 1.5 -2.0 x 10^-4 Torr (Fig. 2(e) ), which is quite high as compared to pressure range of ~ 0.4 -0.8 x 10^-4 Torr of ADITYA [21] . The plasma current initial rise rate almost reduced by half (Fig.  2(b) ) and observed significant reduction in initial hard X-rays in ADITYA-U during the start-up.
During Phase-I operation, all the subsystem of the machine have performed well as desired and the discharges are very satisfactory in terms of the functionality of the machine.
After completion of Phase-I operation by the end of March 2017, the Phase-II operation preparation has been executed. The vacuum vessel was again opened for the installation of major diagnostics systems and calibration of magnetic diagnostics such as two numbers of 16 magnetic probes (Mirnov coils) garland, two internal and one external Rogowski coils for plasma current measurement, di-magnetic loop and the cosine-sine coils, used for plasma position measurements are designed, fabricated, installed and calibrated for the ADITYA-U. The coils are calibrated using a setup in which a hollow conductor placed inside the vacuum vessel simulates the plasma current. The calibration is performed for various values of external inductances, charging voltages and different position of the hollow conductor. Later, the ADITYA-U tokamak is equipped with a comprehensive baking system for baking the stainless steel vacuum vessel, pumping systems and associated diagnostic systems along with the graphite limiter and diverter tiles up to 150° C. Before commence of Phase-II operation, ADITYA-U vacuum vessel has been successfully baked up to ~ 130°C in subsequent baking cycles for the purpose of achieving lower base vacuum. The base pressure of the order of ~ 9 x 10^-9 torr has been achieved after solving all leaks. After all the relevant preparations, the Phase -II plasma operation were resumed in ADITYA-U in February 2018 in a Graphite limiter (toroidal belt limiter) configuration and continued to achieve plasma parameters close to design parameters. Plasma discharge performance improvement along with several experiments include mainly the primary and secondary RE control, fuelling with Supersonic Molecular Beam Injection (SMBI), effect of neon gas injection, plasma position measurement with different techniques such as magnetic probes, Sine-Cosine, optical In-Out measurements and real time control of plasma position using Fast Feed Back Power Supply (FFPS) have been performed. In addition to that the chord average electron density of the plasmas has been boost up ~ 4 x 10^19 m^-3 corresponding to central peak density of ~ 6.7 x 10^19 m-3 has been achieved for the first time in ADITYA-U by using sonic hydrogen puffing along with multiple hydrogen gas puffing of different pulse width and amplitude during plasma current flattop with proper interlock of pulse. The Fig. 3 shows the temporal evolution of the ADITYA-U shot # 31641 of Phase-II operation for the parameters (a) loop voltage, (b) plasma current, (c) Hα emission, (d) CIII impurity line emission, (e) OII line emission (f) pre-filled hydrogen gas pressure (g) equilibrium field (h) Soft X-rays and (i) chord average electron density.
Fig. 3. Temporal evolution of ADITYA-U shot (# 31641) (a) loop voltage (V), (b) plasma current (kA), (c)Hα intensity (a.u.), (d) CIII impurity line emission (a.u.), (e) OII line emission (a.u.) (f) pre-filled gas pressure (Torr) (g) Equilibrium field (kA) (h) Soft X-rays (a.u.) (i) electron density (ne) (1 x 10^19 m^-3) and hydrogen gas pulses (a.u.).
The typical discharge is obtained at toroidal field (B) ~ 1.05 T and H2 prefilled pressure of ~ 1.5 x 10^-4 Torr, which is equivalent to ~ 9 x 10^18 molecules of H2 gas. The sonic gas puffs along with multiple gas puffs of different pulse width yielded a pressure increase of 7.5 × 10^-5 Torr in the vessel, which is equivalent to an addition of ≈ 4.5 x 10^18 molecules of H2 gas. The amount of injected gas is maintained in such a way that the plasma current and its equilibrium position remains steady. The Fig. 3(h) shows the rise in Soft X-rays correlate with gas puff in time and magnitude. The Fig. 3(i) shows the chord average electron density peaking up to 4 x 10^19 m^-3. During Phase-II plasma operation, the B of the order of max. 1.35 T (90% of the design value) has been operated during the experiment. Plasma current of ~ 100 kA-120 kA with plasma duration of 100-190 ms has been achieved. Booster Power supply assisted vertical field raised the plasma current up to ~ 135 kA. The electron temperature of the order of ~250 -300 eV (30 -40% error) and ion temperature of ~ 150 -160 eV (30% error) has been obtained. The experiments related to plasma shaping will be performed in near future.
Plasma position measurements and real time plasma position control
Plasma position measurement is crucial for controlling the quality of a plasma discharge. Plasma position signal is required for the calculation of post-discharge calculation of plasma parameters and real-time control of the plasma position. Different magnetic diagnostics like Mirnov probes, sin/cosine coils, external probes and flux loops are installed inside and outside the ADITYA-U vacuum vessel. All these probes are calibrated by inserting rigid Copper conductor ring inside the vacuum vessel at different radial and vertical positions. In the Phase-I operation of ADITYA-U, plasma position is stabilised by controlling the vertical field provided by BV coils in open loop mode having slow response because of higher value of L/R. The new set of fast feedback (FFB) coils having faster response is connected with FFPS (± 2kA) power supply to control the coarse motion of the plasma in the horizontal direction. Typical ADITYA-U discharge with magnetic position measurement along with the effect of FFPS power supply is shown in Fig.4 in open loop configuration. Position control is required for sustaining the plasma for longer duration. Otherwise, uncontrolled displacement plasma column from its mean position will bring impurity from the plasma facing components or will result in the unwanted disruption of the plasma column.
FIG.4. Typical ADITYA-U plasma discharge with open loop plasma position control.
The transfer function model for ADITYA-U real-time horizontal plasma position control in closed loop configuration has been implemented and schematic is shown in Fig.5 .
FIG. 5. Schematic of ADITYA-U Horizontal Plasma Position Control model.
FPGA based PID controller is implemented for the operation of the real-time position control system. Model for the ADITYA-U horizontal plasma position control is implemented in closed loop configuration. Stability of the system is checked in order to obtain stable position output of the plasma with zero steady state error, minimum oscillations and fast response. 
EXPERIMENTAL RESULTS
The first experimental results from ADITYA-U tokamak were reported in this article. Before starting the experimental discharges, the various wall conditioning techniques such as hydrogen GDC, PDC in ECR plasma background and lithium assisted pulse GDC for controlling hydrogen wall loading and recycling have been performed regularly for better surface conditioning. The QMA monitoring showed the reduction in partial pressure of H2 (M#2) and N2 / CO (M#28) by a factor 10. The partial pressure of water vapour (M#28) reduced to ~ 5-6 x 10^-9 torr. Improved discharges are attempted over a wider parameter range along with real time plasma position control to carry out various experiments. Further, the discharges have been tailored for different experiments in order to obtain better results in those experiments. Encouraging results from novel experiments have been obtained in ADITYA-U are described below.
RE control
The plasma breakdown, driving of plasma current and joule heating in tokamak are achieved by an induced toroidal electric field, which is produced by ohmic transformer coils. The required electric field for plasma breakdown is always higher than the critical electric field often leads to the generation of RE in the breakdown phase. The primary (Dreicer mechanism) RE generation mainly found in low density cold plasmas in the presence of higher toroidal electric field. The secondary (avalanche mechanism), comes into play when primary RE are transferring their energy via Coulomb collisions to the background (thermal) electrons formed new REs. The presence of REs in toroidal plasma devices is generally detected by the intensive burst of hard X-rays when the higher energetic REs collide with thick target (such as limiter or chamber wall) [20] . This is potentially a more serious problem in large size tokamak including JET and ITER [21] . Fig. 7 compares two discharges one with low E/P (black curve) and one with high E/P (red curve). Decreasing the E/P by decreasing the initial loop voltage, significantly decreases the REs in the initial phase of the discharges. Also, increasing the density using periodic gas puff in the flat-top region of the plasma current, averts the runaway electron generation in this phase, leading to better discharge parameters in term of density, temperature and confinement.
FIG. 7. Time evolution of ADITYA-U discharges (#31099, black) and ADITYA-U discharge (#32086, red) shows the RE control with the parameters (a) loop voltage (V), (b) plasma current (kA) (c) Hα line emission (a.u.) (d) Hard X-rays (a.u) (e) hard X-rays flux (f)soft X-rays (a.u.) and (g) electron density with Gas puff.

Drift tearing mode
Strong Magneto hydrodynamic (MHD) activity has been observed in a good number of discharges in ADITYA-U, which is mostly triggered by sudden changes in loop Voltage, plasma current or excessive gas puffing. Such discharges have been studied extensively in order to enhance our understanding of MHD. The time evolution of frequencies present in these poloidal magnetic fluctuation ( θ ) detected by Mirnov probes show presence of multiple frequency bands, with the lowest frequency mode having the maximum power. The Fig. 8 shows time evolution of Loop Voltage, plasma current, raw Mirnov data, θ , and its frequency spectrum. The frequency spectrum displays onset of m=2, n=1 mode starting with a frequency ~15 kHz at 20 ms into the discharge during plasma ramp up phase. At ~38 ms during the plasma flattop the MHD mode frequency decreases significantly, and frequency bands appear in the frequency spectrum which continue to exist throughout the plasma flattop. The higher frequency bands always remain integral multiples of the lowest frequency at each and every instant throughout the discharge. Bispectral analysis reveals that the higher modes are harmonics of the fundamental m=2 or 3, n=1 MHD modes. The above mentioned signatures are absent in discharges with low MHD activity where single or no MHD modes are observed in the MHD frequency spectrum.
Fig.8. The time evolution of (a) Plasma current (blue) and loop voltage (orange), (b) low MHD activity picked by Mirnov coil and its (c) frequency spectrum of MHD with multiple frequency bands and (d) frequency spectrum of plasma density with similar frequency bands for ADITYA-U discharge #31376.
All the discharges with such MHD activity exhibited broad band in multiple diagnostics channels like density, Soft X-ray, neutral (Hα) as well as impurity (OII, CIII) line emission intensity, in time corresponding to high MHD amplitude in Mirnov signals. The coherence plot between Mirnov and density data show strong coherence at fundamental frequency and significant coherence at higher frequency as well. Hence these MHD modes supposed to be drift tearing modes.
MHD modulation using gas puffing
Another striking feature of these modes is that they can be significantly modulated both in amplitude and frequency by neutral gas puffing. The edge fuelling is supposed to modulate the plasma edge density which changes the density gradient, hence the drift frequency, since the drift mode is coupled with tearing mode the frequency of the MHD mode is modulated as well. Fig. 8(b) , 8(c) shows MHD amplitude and frequency modulation of the MHD mode by gas puffing for ADITYA-U shot # 31376. We have carried out experiment varying the amount of neutrals introduced by gas puffs in each pulse for different discharge and also during the current flattop in individual discharges. The experimental results demonstrate significant correlation between magnitude of gas puff applied during discharge flattop and decrease in MHD amplitude and frequency. It is found that the decrease in amplitude and frequency of the MHD mode is proportional to the amount of neutrals injected up to some extent.
MHD dominated RE loss
In ADITYA tokamak runaway electron dynamics showed significant dependence on the magnetic topology of the discharge [19] . The new-found control over MHD activity by using gas puff in our tokamak has been instrumental in studying the role of MHD activity in RE loss in great details. Several discharges with high initial loop voltage and low plasma density were taken in order to maintain suitable condition for high RE generation in plasma. The MHD amplitude was then modulated in order to study its effect on the REs. The data acquired by NaI hard X-rays detector, collimated to view the HXR generated by energetic REs lost to limiter, show exceptional correlation with MHD activity both in time and amplitude. The Fig. 9 shows the HXR data along with the rms of integrated (B_θ ) ̃ ̇ data acquired by Mirnov. It is clearly visible that HXR amplitudes increase and decreases along with the MHD amplitude, however the baseline of the HXR remains constant. The results of RE-MHD experiments are being analyzed in order to gain better understanding of MHD driven RE loss and its effect on total RE population in the plasma.
Fig. 9. Time evolution of (a) Plasma current (blue) and loop voltage (orange), (b) low MHD activity picked by Mirnov coil (blue), its integrated rms value (red) and HXR data (black) for shot #31376.
SMBI experiment
A supersonic molecular beam injection (SMBI) system, to enable deep penetration inside the plasma, has been installed on the low field side of the ADITYA-U tokamak. Front end of the system consists of a Laval nozzle of throat diameter 0.5 mm and a fast response solenoid valve. Theoretically, gas injection speed of Mach 10 is achievable with this nozzle design. The plenum gas pressure can be varied to adjust the throughput of the beam. A particle flux of 2.6 × 10^22 particles/s is achievable at a plenum pressure of 1 MPa.
In an attempt towards primary RE mitigation SMBI is fired at 40 ms. The temporal evolution of two shots of ADITYA-U of Phase-II operation are shown in Fig. 10 with (magenta colour) and without (green colour) SMBI. Copious HXR spikes can be seen without SMBI and the detectors are even rendered saturated at ~58 ms. The shot with SMBI has a similar Ip and loop voltage waveform. With the application of SMBI, a sudden jump in SXR signal can be seen indicating a sharp rise in density. It can be noted here that the sharp jump occurs after 4-5 ms after the SMBI is fired. This is concomitant with the resistive diffusion time scale of the ADITYA-U plasma. With the rise in density, significant reduction in the RE population is also evident from the HXR signals. Further, a ~5% decrease in Ip can be seen following the SMBI pulse. This is mostly due to the reduction in RE population and resultant loss of the fraction of Ip carried by them. It is noteworthy here that there is no surge in impurities with the SMBI pulse. The SMBI system is now being optimized for disruption RE mitigation.
Fig. 10. Temporal evolution of (a) Plasma current (kA), (b) loop voltage (V) (c) and (d) hard X-rays intensities (e) soft X-rays (a.u.) (f) CIII line emission (a.u.) (g) OI line emission (a.u.) and (h)radiated power with bolometer discharges showing the effect with and without SMBI.
Neon gas puff experiment
Neon gas puff experiment was also carried in ADITYA-U tokamak to achieve radiative improved mode and also to understand the associated physics. Fig. 11 shows the two typical discharge of ADITYA-U tokamak with and without neon puff. It is clearly visible from the graph that the radiation power increase after the application of neon gas puff at 42 ms of the discharge. One can see almost four to five folds jumpy in soft X-ray signal indicating the rise of plasma electron density. The electron temperature estimated from Soft X-ray signal shows the increase from 200 eV to 250 eV. In this discharge the effect of neon gas puff sustain almost 25 ms after switching of the neon gas puff. In an attempt towards primary RE mitigation SMBI is fired at 40 ms. The temporal evolution of two shots of ADITYA-U of Phase-II operation are shown in Fig. 11 with (magenta colour) and without (green colour) SMBI. 
SUMMARY AND CONCLUSIONS
The ADITYA tokamak with poloidal limiter configuration has been upgraded to ADITYA-U tokamak for carrying out experiments with shaped plasmas in open divertor configuration. After the upgradation two phases of operations have been carried out in order to achieve the designed parameters in the toroidal limiter configuration. Dedicated experiments relevant for plasma operations in bigger machines have also been conducted during the first two campaigns of ADITYA-U tokamak. Significant and very encouraging results related to runaway electron generation and loss mechanisms, control of rotation of magnetic islands, radiative improved modes have been obtained. An overview of these experiments has been presented in the paper. We have achieved significant reduction in initial (breakdown generated) HXR flux due to REs which used to be regularly observed during initial 20 ms of the plasma discharges. We have also been able to achieve low initial loop voltage breakdown discharges with higher densities, which resulted in appreciable RE mitigation through-out the plasma discharge. Successful deployment of real time position control in the new machine has also improved the discharge quality. Several MHD experiments, show presence of higher harmonics of drift tearing modes. In these experiments we have also demonstrate modulation of MHD amplitude and frequency by controlled application of periodic gas puffs. The control over MHD amplitude has provides us a unique opportunity to explore dependence of RE dynamics on MHD activity in plasma, which clearly shows that RE loss is enhanced in presence of high MHD and vice-versa. We have also carried out SMBI experiments which show successful mitigation of REs. Significant development has been made in achievement of radiative improved modes by Neon gas puffs. By comparing the similar experimental results from both the ADITYA (poloidal ring limiter at one toroidal location) and ADITYA-U (toroidal ring limiter at the inboard side) machine for hundreds of discharges, it has been surprisingly found that the edge plasma remains very identical in both the machines. The results obtained from the edge modification experiments, such as periodic gas-puffing etc. in both the machine convincingly suggest that plasma edge is more affected by the plasma core rather that the peripheral structure such as limiter.
